Production of extra virgin olive oil (EVOO) represents an important element for the economy of Southern Italy. Therefore, EVOO is recognized as a food with noticeable biological effects. Our study aimed to evaluate the antimicrobial activity exhibited by the polyphenolic extracts of EVOOs, obtained from three varieties of Olea europea L. (Ruvea antica, Ravece, and Ogliarola) cultivated in the village of Montella, Avellino, Southern Italy. The study evaluated the inhibiting effect of the extracts against some Gram-positive and Gram-negative bacteria. Statistical analysis, used to relate values of antimicrobial activity to total polyphenols and phenolic composition, revealed a different behavior among the three EVOO polyphenol extracts. The method applied could be useful to predict the influence of singular metabolites on the antimicrobial activity.
Introduction
Extra virgin olive oil (EVOO) is a food extracted by the mechanical pressing of the fruits of the olive tree (Olea europaea L.). EVOO and other products from olive tree are central components of the Mediterranean diet, characterized, as it is well known, by a scarce intake of products of terrestrial animal origin, and, concomitantly, by a high intake of fruits, vegetables, cereals, fish, as well as by a moderate wine consumption. Fruits and vegetables, including cereals, are rich in phytochemicals, with proven protective effects in limiting several chronic diseases, such as cancer and cardiovascular illnesses. EVOO represents an important source of nutritionally and healthfully compounds, so that it is considered as a real functional food [1] . Apart from fatty acids (mainly triglycerides, fat-soluble substances and polar compounds, representing 95-98% of the whole EVOO)-pulp and seed of olive contain several other types of compounds, which are present in the final product after the extractive process. Polyphenols are probably one of the most important groups of minor polar components present in the EVOO. The biological importance of polyphenols gives rise from their numerous ascertained biochemical activities, such as the prevention of oxidation reactions to fatty acids. In addition, for this reason they contribute to the stability of the oil over time, delaying rancidity. Polyphenols are also capable of preventing and inhibiting radical-type reactions in the human body, thus limiting the formation of anomalous molecules that might alter the smooth functioning of cell membranes. Generally, EVOO is rich in polyphenols, until 1 g gallic acid equivalents (GAE)/kg of product [2] . The principal subfamilies of polyphenols detectable in the EVOO are phenolic acids, phenolic alcohols, secoridoids, lignans and flavonoids. Each of the above-mentioned subfamilies can then be differentiated from the others by chemical composition and reactivity, as well as, probably, by its organoleptic characteristics. It is therefore clear that the proportions and rate between the different polyphenols present in the EVOO considerably change its nutraceutical and sensory qualities. Olives and its derived-products, including EVOO, are capable, within certain limits, to resist against the biotic and abiotic stresses, for instance against pathogen attack, affecting the host-pathogen interaction. Such property is mainly due to the presence of polyphenols, which can also exhibit antimicrobial activity [3] . Polyphenols of EVOOs are able to inhibit in vitro, generally in a synergistic way, the growth of pathogens responsible for some intestine and respiratory diseases. Olive polyphenols could contribute in inhibiting the growth of Helicobacter pylori [4] and that of some foodborne pathogens, such as Escherichia coli, Listeria monocytogenes and Salmonella enteriditis [5] . EVOO demonstrated a good antimicrobial effect against Salmonella Typhi [6] . EVOO polyphenols are considerably absorbed (up to 95%) in humans mainly in the small intestine, where they might exert a significant local action [7] . Therein, they undergo different fate: some of them are directly absorbed; others are metabolized giving rise to other molecules, which can play a double role: act against enteropathogens, for instance, and, among other activities, improve the growth of beneficial microbes, acting as prebiotics [8, 9] . Taking also into account the bioavailability of polyphenols, several authors ascertained that the use of EVOO in food might help in supporting the prevention against foodborne pathogens [5, 10] . Recently, the inhibitory effect of EVOO polyphenols was demonstrated also against some oral microorganisms, such as oral streptococci, Porphyromonas gingivalis, Fusobacterium nucleatum, and Parvimonas micra [11] . In olive mill wastewater, phenolic compounds and their secoiridoid derivatives present in an ethanol fraction contribute to support the noticeable antimicrobial activity exhibited against the foodborne pathogen Campylobacter [12] . Cultivar, genetics, agronomic practices and climatic conditions, as well as the degree of ripening, storage conditions and fruit processing techniques are all factors that may affect the characteristics of EVOO, including the polyphenol profile and the subsequent biological properties [13, 14] . The aim of our work was to evaluate the antibacterial activity exhibited by the polyphenol fraction of EVOOs, produced with the fruits of three varieties of Olea europea L. (Ruvea antica, Ravece, and Ogliarola) cultivated in Southern Italy. The study evaluated in particular the inhibitory effect of the extracts against several Gram-positive and Gram-negative bacterial strains. Statistical analysis correlated the antibacterial activity to the total polyphenols and to the percentage of the single components identified by a chromatographic approach within the three extracts.
Materials and Methods
The EVVOs used in this study were obtained by cold pressing from three varieties, Ruvea antica, Ogliarola, and Ravece of O. europea, grown in the village of Montella, Irpinia province, Campania region, Southern Italy. Samples of the three varieties were identified by Vincenzo De Feo, University of Salerno. Voucher specimens of the three varieties are stored in the herbarium of the University of Salerno.
Polyphenols Analysis

Standards and Reagents
Most of the standards used for the Ultra Pressure Liquid Chromatography (UPLC) analysis (caffeic, ferulic, p-coumaric, gallic, and chlorogenic acids; catechin; quercetin; 3-hydroxytyrosol, spiraeoside, oleureopin, dadzein, luteolin, naringenin, formononentin), as well as high pressure liquid chromatography (HPLC)-grade ethanol and acetonitrile were purchased from Sigma-Aldrich (Milano, Italy). Apigenin and hyperoside were purchased from Extrasynthese (Genay, France).
Extraction and Determination of Total Polyphenols
The extraction of polyphenols from EVOOs, necessary for the chromatographic analyses, was performed using hexane (1:1 w/v), following the method of Fratianni et al. [15] . The mixture was then charged onto cartridges SPE C 18 , and eluted three times with methanol. The three residues were pooled, dried, re-suspended in 1 mL of methanol and filtered through a 0.20 mm filter before the analysis. Total phenolic (TP) content was determined using the Folin-Ciocalteau reagent [16] . The absorbance at λ = 760 nm was determined (Cary UV/Vis spectrophotometer, Varian, Palo Alto, CA, USA) at room temperature. A standard curve generated using gallic acid as standard was used to quantify total polyphenols.
Chromatographic Analysis
Polyphenol composition was obtained through ultra-high-performance liquid chromatography (UPLC) using an ACQUITY Ultra Performance system linked to a PDA 2996 photodiode array detector (Waters, Milford, MA, USA), linked to an Empower software (Waters). The analysis was performed following the method of Ombra et al. [17] at λ = 280 nm with a reversed-phase column (BEH C 18 , 1.7 µm, 2.1 mm× 100 mm, Waters), at 30 • C, at a flow rate of 250 µL/min, and with pressure ranging from 6000 to 8000 psi. The effluent was introduced to an LC detector (scanning range 210-400 nm, resolution 1.2 nm). The injection volume was 5 µL. Phenolic compounds were identified and quantified through comparison of the peak areas on the chromatograms of samples with those of diluted standard solutions. 
Antibacterial Activity
Microorganisms and Culture Conditions
Determination of the Antibacterial Susceptibility by Agar Diffusion
The agar diffusion test was performed following the method of Fratianni et al. [18] with some modifications. Microbial suspensions (1 × 10 7 colony-forming units (cfu)/mL) were spread on LB agar plates in sterile conditions. Different amounts of extracts (2.5 and 4.9 µg) were spotted on the inoculated plates. After 10 min in sterile conditions, plates were incubated at 37 • C for 24 h. The diameter of the clear zone shown on plates (inhibition zone) was accurately measured ("Extra steel Caliper mod 0289", mm/inch reading scale, precision 0.05 mm, Mario De Maio, Milan, Italy). Sterile dimethylsulfoxide (DMSO, Sigma Aldrich Italy, Milano, Italy) and tetracycline (7 µg; Sigma Aldrich Italy) served as the negative and positive control, respectively. The experiments were performed in triplicate and averaged.
Minimal Inhibitory Concentration (MIC)
The resazurin microtiter-plate assay [19] was used to evaluate the MIC. Samples were dissolved in sterile DMSO; then, they were distributed in a multiwell plate with different volumes of sterile Muller-Hinton broth (Sigma Aldrich Italy) previously prepared. Two-fold serial dilutions were performed to have 50 µL of the test material in serially descending concentrations in each well. A 35 µL amount of 3.3 × strength iso-sensitized broth and 5 µL of resazurin, used as indicator solution, were added to achieve a final volume/well of 240 µL. Finally, 10 µL of bacterial suspension was added to each well to reach a concentration of about 5 × 10 5 cfu/mL. Sterile DMSO and ciprofloxacin (Sigma Aldrich Italy, prepared dissolving 1 mg/mL in DMSO) were used as negative and positive control, respectively. Multiwell plates were prepared in triplicate and incubated at 37 • C for 24 h. The lowest concentration at which a color change occurred (from dark purple to colorless) revealed the MIC value.
Statistical Analysis
Data were expressed as mean ± standard deviation of triplicate measurements. The PC software "Excel Statistics" was used for the calculations. The analysis correlated the values of antibacterial activity, specifically to the inhibition zone data, to total polyphenols and phenolic composition, using the free software environment for statistical computing and graphics R (https://www.r-project.org/) [15] .
Results and discussion
Antibacterial Activity of the Extracts
The antibacterial capability of the polyphenol (PF) extracts of Ogliarola, Ravece, and Ruvea antica EVOOs was assayed against different Gram-positive and Gram-negative bacteria, through the inhibition zone test and the determination of the Minimal Inhibitory Concentration (MIC). Results are shown in Tables 1 and 2 respectively. The minimum concentration necessary to inhibit the growth of the pathogenic tester strains was low for all the PF extracts, usually equal to 1-2 µg, except when PF of Ravece were tested against S. aureus (MIC > 15 µg), and when those of Ruvea antica were assayed against E. faecalis (MIC > 10 µg). This confirms that polyphenols present in the EVOO have a general capacity to inhibit the growth of pathogenic or unwanted microorganisms [3] . Therefore, different in vitro studies demonstrated that some polyphenols from olive oil are able to inhibit the growth of different bacteria, including those responsible for some respiratory infection and intestinal diseases, as well as against bacteria, such as Helicobacter pylori, one of the agents of peptic ulcers and some types of cancer [4, 20] .
In general, 4.9 µg of the PF extract from Ogliarola were very effective in inhibiting the microbial growth of all the strains considered, with inhibition zone not lesser than 10.67 (against L. innocua) up to 18.33 mm (against B. cereus 4313). Overall, 4.9 µg of the polyphenol extract from Ravece produced inhibition zones also superior to 17 mm (17.33 mm, against B. cereus 4313 and E. faecalis). 4.9 µg of PF extract from Ruvea antica resulted less effective, producing zones not greater than 12.67 mm. All three EVOO PF extracts were effective in inhibiting the growth of E. coli, producing (with 4.9 µg of PF extracts from Ravece and Ogliarola) inhibition zones up to 13 mm. This result, in our opinion, could find an interesting practical application. E. coli is the most frequent cause of urinary tract infections. Like other E. coli pathotypes, the strain used in our experiments differs from the commensal E. coli, due to the presence of some virulence factors, which can concur, with other microbial systems, to increase its resistance against conventional antibiotics, to form biofilm, as well as to contaminate food or medical support (e.g., catheters), with difficulty to eradicate the infection and serious damage to health [21] . Thus, the capability of EVOO polyphenols to avoid the growth of this pathogen strain could be exploited not only for the EVOO per se, or for the great bioavailability of EVOO PFs, but also taking into account that the EVOO by-products are rich in polyphenols, which can convert them from a problem for the environment to a resource of biomolecules of high added value, potentially useful for food and pharmaceutical purposes. Therefore, other olive by-products, such as leaves demonstrated activity against different species of pathogens, including those used in our experiments [22] . The three PF extracts were also capable of inhibiting the growth of Ps. aeruginosa. Such microorganism, similar to E. coli, not only is a well-known pathogen, but it is also capable to form biofilm, increasing its resistance to the conventional drugs [23] . The effect was well visible, so that we measured inhibition halos until 8.67 mm just using 2.5 µg. In both cases, the extracts Ogliarola and Ravece were more effective than those of Ruvea antica in inhibiting the growth of the strain; in particular, 2.5 µg of PF extract of Ravece were twice as effective as that of Ruvea antica against Ps. aeruginosa; 4.9 µg of Ravece PF extracts were even three times more effective than the Ruvea antica ones. The different effectiveness exhibited by the extracts against the two strains of B. cereus (DSM 4313 and DSM 4384) proved once again that the resistance/sensitivity of a microorganism to a natural extract or to a singular compound might be not only linked to the genera or species but, in some cases, it might even be strain-specific [24, 25] .
Statistical Analysis
Some of the individual phenolic compounds present in the EVOOs extracts were identified and quantified by UPLC. However, the choice to evaluate the antibacterial activity of the entire extracts was taken for different reasons. First, the antibacterial activity of phenolic compounds is generally well-known [26] [27] [28] [29] [30] [31] . Moreover, PF extracts might exhibit more beneficial effects than their individual constituents, which can change own properties in the presence of other compounds present in the extracts [32] . As said by Liu [33] , the health benefits of fruits and vegetables give rise from synergistic effects of phytochemicals and the advantages on human health of a diet rich in fruits and vegetables is attributed to the complex mixture of phytochemicals present in whole foods. This explains why generally no individual antibacterial effect can substitute the combination of natural phytochemicals to achieve the health benefits [34] . Thus, we statistically correlated the total polyphenols and individual molecules to the antibacterial activity exhibited by the EVOO extracts. The correlation between total polyphenols and the average antibacterial activity resulted high (=0.85). We identified 10 polyphenols through UPLC analysis, based on the retention time of corresponding standards. For all of them, we calculated the percentage present in each extract. Data on polyphenol composition are reported in Table 3 . The statistical approach allowed us to divide such molecules into different groups, with respect to their potential influence on the average antibacterial activity of the extracts. Correlation coefficients (Corr-coeffs) are reported in Table 4 . In the first group, we found that flavonol quercetin and isoflavone formononetin, which Corr-coeffs (0.94 and 0.97, respectively) seemed to let us foresee by the whole their highest influence on the antibacterial activity with respect to the other molecules. Other two polyphenols, flavanone naringenin and the secoiridoid oleuropein exhibited lower Corr-coeffs (0.55 and 0.47, respectively).
Taking into account the percentage of the two molecules in the extracts, it is possible to hypothesize for this other group a little bit of predominance of correlation between oleuropein and the average antibacterial activity of the 'Ravece' extract (Figure 1, left) and between naringenin on the average antibacterial activity exerted by the 'Ogliarola' extract (Figure 1, right) . The correlation between another group of polyphenols and the antibacterial activity of the extracts was still less strict; thus, flavone luteolin (Corr-coeff = 0.37) and the hydroxycinnamic p-coumaric acid (Corr-coeff = 0.33) seemed to break the antibacterial activity of the extract Ogliarola. Concurrently, isoflavone dadzein (Corr-coeff = 0.28) and flavonol spiraeoside (Corr-coeff = 0.27) did not seem to enhance that of the extract Ravece. The other flavone apigenin exhibited a negative coefficient of correlation (Corr-coeff = −0.34). This metabolite is a known antibacterial compound [34, 35] . However, in some cases its effect could be nil against some microorganisms [36] . The correlation between another group of polyphenols and the antibacterial activity of the extracts was still less strict; thus, flavone luteolin (Corr-coeff = 0.37) and the hydroxycinnamic pcoumaric acid (Corr-coeff = 0.33) seemed to break the antibacterial activity of the extract Ogliarola. Concurrently, isoflavone dadzein (Corr-coeff = 0.28) and flavonol spiraeoside (Corr-coeff = 0.27) did not seem to enhance that of the extract Ravece. The other flavone apigenin exhibited a negative coefficient of correlation (Corr-coeff = −0.34). This metabolite is a known antibacterial compound [34, 35] . However, in some cases its effect could be nil against some microorganisms [36] .
The statistical approach was also applied to evaluate the correlation between the singular molecules and the antibacterial activity with respect to the microorganisms. Table 5 reports the coefficients of correlation. Table 5 . Correlation coefficients between the potential antibacterial activity and polyphenols identified in the extracts of 'Ogliarola', 'Ravece' and 'Ruvea antica' EVOOs, with respect to different pathogens. The analysis was elaborated with respect to the percentage of each molecule present in the extracts, taking into account the amounts (2.5 µg and 4.9 µg) of the extracts used to determine the antibacterial activity of the extracts against different pathogens With respect to the strains used in the agar diffusion test, we could suppose a noticeable inhibitory effect of formononentin and quercetin against B. cereus. In fact, both strains of B. cereus (DSM 4313 and DSM 4384) seemed to be strongly inhibited by the presence of these two metabolites (Corr-coeffs = 0.97 and 0.95, respectively); concurrently, quercetin seemed to prevent the bacterial The statistical approach was also applied to evaluate the correlation between the singular molecules and the antibacterial activity with respect to the microorganisms. Table 5 reports the coefficients of correlation. With respect to the strains used in the agar diffusion test, we could suppose a noticeable inhibitory effect of formononentin and quercetin against B. cereus. In fact, both strains of B. cereus (DSM 4313 and DSM 4384) seemed to be strongly inhibited by the presence of these two metabolites (Corr-coeffs = 0.97 and 0.95, respectively); concurrently, quercetin seemed to prevent the bacterial growth too (Corr-coeffs = 0.96 and 0.93, respectively). A similar effect was hypothesized against E. coli (Corr-coeffs = 0.94 and 0.90, respectively) and against E. faecalis (Corr-coeffs = 0.91 and 0.75, respectively). Thus, for instance, if formononentin seemed to confirm its influence also against Ps. aeruginosa (Corr-coeff = 0.95) and L. innocua (Corr-coeff = 0.91), on the other hand the effect of quercetin versus these two microorganisms seemed to be less effective (Corr-coeffs = 0.74 and 0.77, respectively). Therefore, other studies demonstrated a limited inhibitory effect of quercetin against Ps. aeruginosa [37] . A potential inhibitory effect exhibited also by luteolin (Corr-coeff = 0.73) and p-coumaric acid (Corr-coeff = 0.66) against Ps. aeruginosa was observed indeed. At the same time naringenin (Corr-coeff = 0.78), luteolin (Corr-coeff = 0.59) and p-coumaric acid (Corr-coeff = 0.58) would concur in influencing, although with minor efficacy, the potential antibacterial activity of the extracts against L. innocua. The potential behavior exhibited by metabolites on the antibacterial activity-hypothesized through such approach-seemed to be completely different when we considered S. aureus. In fact, by the analysis of correlation coefficients we could hypothesize that other metabolites in place of formononentin and quercetin may have contributed to the antibacterial activity of the extracts, in particular spiraeoside, dadzein, and catechin (Corr-coeffs = 0.91; 0.90 and 0.80, respectively). Moreover, this was the unique case in which oleuropein (one of the most important and known metabolites characterizing the EVOO polyphenols) seemed to have contributed to the antibacterial activity of the extracts (Corr-coeff = 0.89). Therefore, oleuropein as well as 3-hydroxytirosol (which in our case showed a correlation coefficient of 0.84) have antibacterial activity against S. aureus, as demonstrated by Bisignano et al. [38] . Concurrently, statistics confirmed the controversial behavior exhibited by 3-hydroxytirosol that was active against S. aureus but had lower effect (Corr-coeff = 0.47) against E. coli, corroborating the indications given by other studies [39] . The fact that the Ravece extract did not contain dadzein might suggest that such metabolite in particular affected the resistance of S. aureus. In fact, as shown in Table 2 , the MIC Ravece extract versus S. aureus was higher than 10 µg and much lower in the case of the other two extracts. The absence of catechin, which gave a correlation coefficient of 0.80 and the concurrent presence of luteolin (6.22% in Ravece, Corr-coeff = −0.76) could have contributed to its higher MIC value. Concomitantly, the presence of apigenin found only in the Ruvea antica extract with the most negative coefficient of correlation (= −0.75) would seem to support its influence on the resistance of E. faecalis versus that extract, as indicated by the MIC value and by the results of the inhibition zone test.
Conclusions
The polyphenol fraction present in EVOO oil confirms once again its antibacterial properties. The different qualitative and quantitative profile of polyphenols present in a PF extract can affect in a different way its antibacterial effectiveness. The statistical method herein applied is easy and useful to predict the synergistic effect of polyphenols and the influence that each of them has-based also on their amount-on the activity of the whole extract. In a future perspective this could be a basis of possible complementary studies, for example, to formulate ideal drugs of natural origin, composed of optimal mixtures of polyphenols which are able to exercise with the minimum effort (in terms of quantity) and the maximum result (against the greatest number of pathogens) their antibacterial efficacy.
